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We propose an alternative method to Q switching for generating giant pulses of laser light in three-level
media. This mehod is based on the presence of an external coherent field driving one transition to allow the
accumulation of a large population inversion in the other transition without laser oscillation even in a cavity
with high-Q factor. The switching off of the external coherent field causes the development of the giant pulse.
Different time profiles for the switching off of the external field have been investigated.
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Q switching is a standard technique for generating laser
pulses of short duration, e.g., 1027 –1028 sec, and relatively
high peak power, e.g., 106 –107 W, the so-called giant
pulses @1#. In this technique, the quality Q factor of the laser
resonator is kept initially low to prevent laser oscillation
while pumping builds up a large population inversion. Then
a sudden switching of the cavity Q from the low value to a
high value results in the release as a laser pulse of short
duration of the energy accumulated in the upper level. The
lifetime of this level must be relatively long, usually a frac-
tion of a millisecond, to allow the accumulation of a large
population inversion. This is the case of most crystalline
solid-state lasers ~e.g., Nd:YAG, ruby, alexandrite! and some
gas lasers (CO2 and iodine! @2#. In these systems the pump-
ing mechanisms are incoherent and only two levels of the
amplifying medium are coherently coupled with the light
field.
We present here an alternative technique to Q switching
for generating giant pulses of laser light in three-level media.
In these configurations, the presence of an external coherent
field acting on one transition modifies substantially the
threshold population inversion needed for laser oscillation in
the other transition. In fact, in the presence of an incoherent
pumping mechanism in the latter transition, it is possible to
accumulate a large population inversion without laser oscil-
lation even in a lossless cavity. This phenomenon is known
as population inversion without amplification or lasing ~IWA
or IWL! @3#, one of the many known effects induced by
atomic coherence @4#. After the inversion saturates to a high
value, it is possible to extract the energy from the inverted
transition in the form of a giant laser pulse by switching off
the driving field in the other transition. Actually, in these
three-level configurations the switching on/off of the driving
field plays a similar role as the switching from a low to a
high value of the cavity Q factor in two-level systems. We
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†FAX: ~34! 93 739 81 01.PRA 591050-2947/99/59~4!/3038~6!/$15.00note that, to our knowledge, this is the first potential appli-
cation of the inversion without amplification phenomenon.
The paper is organized as follows. In Sec. II the model for
a laser operating on a cascade three-level system is intro-
duced and explicit necessary conditions for the appearance of
giant pulses are derived. In Sec. III we numerically investi-
gate a specific example and compare the results to those of
the conventional Q-switching technique. We study also the
influence of different time profiles for the switching off of
the external driving field. Some considerations for a practical
realization of the new technique for generating giant laser
pulses are presented in Sec. IV. Section V summarizes our
main conclusions.
II. MODEL
We will focus our analysis to the cascade configuration
shown in Fig. 1. A ring laser cavity is prepared in order to
generate a laser field, the giant pulse, in the upper transition
u1&-u2& of the three-level media. The coupling of this field
with the atomic transition is characterized by a Rabi fre-
quency 2a(t)[m12Ea(t)/\ with m12 the electric dipole mo-
ment of the u1&-u2& transition and Ea the electric field am-
FIG. 1. Cascade three-level system under investigation. b(t)
and a(t) are half the Rabi frequencies of the external coherent and
the generated pulsed laser fields, respectively. g12 and g23 are the
spontaneous population decay rates of the laser and driven transi-
tions and r is the population transfer rate of an incoherent pumping
process in the laser transition.3038 ©1999 The American Physical Society
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laser field drives the lower transition u2&-u3& with a Rabi
frequency 2b(t)[m23Eb(t)/\ . Without loss of generality, a
and b are taken real. An incoherent continuous pumping
process from level u2& to level u1&, denoted by a rate r,
models the mechanism needed to invert the population of the
upper transition @5#. The population decay rates are given by
g12 and g23 for the transition u1&-u2& and u2&-u3&, respec-
tively. The u1&-u3& transition is allowed as a two-photon
transition. In the standard density-matrix formalism with the
rotating wave and slowly varying envelope approximations,
the Maxwell-Schro¨dinger equations for our system read
r˙ 1152g12r111rr2212ay12 , ~1a!
r˙ 225g12r112~g231r !r2222ay1212by23 , ~1b!
r˙ 335g23r2222by23 , ~1c!
x˙ 1252G12x122Day121by13 , ~1d!
y˙ 1252G12y121Dax122bx131a~r222r11!, ~1e!
x˙ 2352G23x232Dby232ay13 , ~1f!
y˙ 2352G23y231Dbx231ax131b~r332r22!, ~1g!
x˙ 1352G13x132~Da1Db!y132ay231by12 , ~1h!
y˙ 1352G13y131~Da1Db!y131ax232bx12 , ~1i!
a˙ 52ka2gy12 , ~1j!
with r i j[xi j1iy i j being xi j and yi j real variables. k ac-
counts for the cavity losses and g[pn12Nm12
2 /\«0 for the
unsaturated gain parameter of the lasing transition with fre-
quency n12 and N being the density of atoms. Da and Db are,
respectively, the laser field and driving field detunings from
the corresponding atomic resonances. The laser field detun-
ing is a variable linked with the cavity detuning Dc through
the expression Da5Dc2g(x12 /a). Finally, the coherence
decay rates are given by G125(g121g231r)/2, G235(g23
1r)/2, and G135g12/2. In what follows, we will consider the
completely resonant case, i.e., Dc5Da5Db50, which
means x125x235y1350 @6#. In our notation, ay12.0(,0)
and by23.0(,0) mean, respectively, laser field and driving
field absorption ~amplification!.
From a linear stability analysis of the trivial solution cor-
responding to a50, it is easy to show that the trivial solution
can be destabilized leading to laser emission through either a
pitchfork or a Hopf bifurcation @7#. The necessary and suffi-
cient condition for the pitchfork bifurcation to occur is
n12[r112r22.n th
p [
k
g S G121 b
2
G13
D1 by23G13 , ~2a!
while for the Hopf bifurcation it reads @8#n12.n th
H[
G121G13
g~G121k!
@k~k1G121G13!
1G12G131b
2#2
by23
G121k
. ~2b!
The smallest of these two population differences n th
p and n th
H
determines the laser emission threshold. Clearly from Eqs.
~2!, there are two different ways of achieving a large inver-
sion with no laser oscillation: ~i! using a cavity with high
losses k ~i.e., low-Q factor! and ~ii! using a coherent driving
field, which through the terms b2 and by23 can greatly in-
crease the lasing thresholds, giving rise to the so-called
population inversion without lasing phenomena. In what fol-
lows we will focus on the second case in which inversion
without lasing is due to the presence of the driving field. The
two terms b2 and by23 are related with the ac splitting of the
common level u2& ~Rabi sidebands or Autler-Townes dou-
blet! and with the quantum interference between these side-
bands. In our case in which there is population inversion, the
gain spectrum consists of an Autler-Townes doublet with
positive peaks at Da'6b . However, it is well known @9,10#
that the Autler-Townes doublet is not just the superposition
of two Lorentzians centered at Da'6b . These two reso-
nances are not independent and therefore there is quantum
interference between them. In our case this interference is
destructive in the resonance region 2b,Da,b , which
means that the gain there is smaller than that corresponding
to the addition of two independent Lorentzians. As a result of
this destructive quantum interference, one can even have
negative gain ~i.e., absorption! at Da50 in cases where there
is population inversion. A detailed analysis of the influence
of the quantum interference between the dressed-state reso-
nances in different three-level atomic configurations can be
found in Ref. @10#. Alternatively, inversion without amplifi-
cation at line center in this configuration can be explained by
using the quantum-jump formalism @9,10#. This formalism
allows one to calculate the respective contributions of the
various physical processes responsible for the amplification
or the attenuation of the laser field: one-photon induced
emission u1&!u2& and stimulated two-photon emission u1&
!u3& or one-photon u2&!u1& and two-photon u3&!u1& ab-
sorptions, respectively. In our case one obtains @10# that at
line center loss processes overcome gain processes, the main
source of losses being two-photon absorption.
For the cascade scheme under consideration the driving
field transition is not inverted, which means driving field
absorption in the steady-state regime, i.e., by23.0. Thus, we
will use the contribution of the term by23 /G13 to Eq. ~2a! to
prevent laser oscillation in the inverted transition through the
pitchfork bifurcation even for a lossless cavity. On the other
hand, from Eq. ~2b! it is easy to see that even for the lossless
cavity limit there is a threshold value for the gain parameter
below which laser oscillation is not possible through the
Hopf bifurcation. For k50 this threshold gain reads
g th~k50 !5
~G121G13!~G12G131b
2!
G12n121by23
. ~3!
Therefore, by choosing appropriate values for the parameters
of the cascade system such that n12,by23 /G13 @see Eq. ~2a!#
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can achieve a large inversion in the laser transition with no
laser oscillation irrespective of the value of the cavity losses.
In a two-level system the nonlasing solution destabilizes
through a pitchfork bifurcation and, by taking b50 in Eq.
~2a!, the corresponding threshold population difference for
laser oscillation reads n th[(k/g)G12 . In this case, a ‘‘lossy’’
cavity is used to achieve a large population inversion and the
giant pulse is generated when the Q factor of the cavity is
switched from a low value to a high value. In the three-level
system under investigation, ~i! we use the coherent field act-
ing on the lower transition to achieve a large population
inversion in the upper transition without laser oscillation, and
~ii! we generate the giant pulse in the upper transition by
switching off the driving field in the lower one. Once the
driving field is switched off, the ratio n12 /n th(b50), being
n th(b50)5(k/g)G12 , defines the relative amount of popu-
lation inversion above the threshold population inversion for
laser oscillation.
III. RESULTS AND DISCUSSION
Figure 2 shows the stability domain in the k-g plane of
the trivial nonlasing solution for the following parameter set-
ting: g12510 kHz, g23550 MHz, r550 kHz, and b
525 MHz. These relaxation rates are typical values for an
electric-dipole forbidden, g12 , and an allowed, g23 , transi-
tion in the optical domain. Thus, as in traditional Q-switched
systems, we assume an upper laser level lifetime in the range
of a fraction of a millisecond @2#. The solid line represents
the curve n125n th
H
. At the left-hand side of the solid line
n12,n th
H
, which guarantees the stability of the nonlasing so-
lution since for these parameter values n th
p @n th
H
, which
means that the trivial solution can destabilize only through
the Hopf bifurcation. For g,g th(k50)51000 MHz2, there
is no laser oscillation irrespective of the value of the cavity
losses. The dotted lines in Fig. 2 represent the relative
amount of inversion above the threshold inversion just after
FIG. 2. Stability domain of the nonlasing solution in the k-g
plane for the following parameter setting: g12510 kHz, g23
550 MHz, r550 kHz, and b525 MHz. At the left- ~right-!
hand side of the solid line, the nonlasing solution is stable ~un-
stable!. The dotted lines represent the relative amount of population
inversion above the threshold population inversion for laser oscil-
lation once the driving field is switched off.the switching off of the driving field, i.e., n12 /n th(b50).
Figures 3 and 4 show the development of the giant laser
pulse in the upper transition of the cascade scheme under
investigation for the same parameters as in Fig. 2 with k
55 MHz, g5900 MHz2, m12510231 C cm, and m23
510228 C cm. These values for m12 and m23 are consistent
with the corresponding spontaneous population decays g12
FIG. 3. Time evolution of the ~a! driving field intensity, ~b!
population difference in the laser transition, and ~c! intensity of the
generated laser pulses. The parameters are as in Fig. 2 with k
55 MHz, g5900 MHz2, m12510231 C cm, and m23510228
C cm. The dotted line in ~b! represents the threshold population
inversion for laser oscillation in the absence of the driving field, i.e.,
n th(b50).
FIG. 4. Enlarged part of the time evolution of Fig. 3.
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'6v23 @11#. Substituting these parameter values in Eqs. ~1!
with a50, we obtain the following steady-state population
inversion with the driving field on n12
ss50.5. On the other
hand, the threshold inversions for these parameters read from
Eqs. ~2a! and ~2b!: n th
p 51193 and n th
H50.61. Thus, during
the first 225 ms the presence of the driving field @Figs. 3~a!
and 4~a!# with an intensity of 3.7 W cm22, which corre-
sponds to b525 MHz @12#, prevents laser oscillation and a
large population inversion accumulates @Figs. 3~b! and 4~b!#
@13#. The dotted line in these figures represents the threshold
population inversion in the absence of the external laser
field, i.e., n th(b50). After the population inversion satu-
rates, the driving field is switched off for 25 ms and a giant
laser pulse develops since then the population inversion is
well above the threshold population inversion ~dotted line!.
For the parameters used, the peak intensity of the laser pulse
gives (Ia)peak51.33 MW cm22 with a pulse width at half
maximum about 210 ns and an integrated pulse energy of
0.33 mJ cm22. Note that the pulse duration is similar to
that of the longest pulses from traditional Q-switched sys-
tems @1#. The time delay between the instantaneous switch-
ing off and the pulse generation is 1.1 ms @14# and the rep-
etition rate of the laser pulses is 4 kHz. It should be
remarked that a laser field with a power of a few watts is able
to control the generation of laser pulses of a few megawatts
of peak power.
With the above parameters and v125231016 s21, g
5900 MHz2 requires an atomic density N58.5
31013 cm23. Notice that for a given g the required density
N is inversely proportional to v12m12
2
. Therefore, by simply
increasing g12 ~which scales as m12
2 ) by two orders of mag-
nitude, the atomic density decreases by two orders of mag-
nitude. Unfortunately, with g1251 MHz and other param-
eters as for Fig. 3, the peak intensity of the laser pulses is
quite small, (Ia)peak512.3 W cm22. One obtains the same
atomic density N58.531011 cm23 by simultaneously de-
creasing the gain parameter by one order of magnitude to g
590 MHz2 and increasing g12 by one order of magnitude to
g1250.1 MHz. In this case, with k50.5 MHz, the peak
intensity of the resulting pulses is (Ia)peak52.5
3103 W cm22. From the preceding results one can esti-
mate that a lower bound for the atomic density required to
observe the generation of laser pulses is N'1012 cm23.
Figure 5 shows the intensity of the laser pulse, along
pulse evolution, as a function of the relative amount of in-
version above threshold for different values of the cavity
losses k . Clearly, decreasing the cavity losses, the peak in-
tensity increases significantly since the amount of initial in-
version also increases.
On the other hand, when the unsaturated gain parameter is
increased from g5900 MHz2 to g51100 MHz2, the non-
lasing solution destabilizes through the Hopf bifurcation
even in the presence of the driving field, since n th
H(g
51100 MHz2)50.48,n12ss 50.5. In this particular case, af-
ter a transient the system reaches a cw regime with a laser
field intensity (Ia)cw(g51100 MHz2)52.731024
MW cm22. Notice that for this case, the ratio between
(Ia)peak(g5900 MHz2) and (Ia)cw(g51100 MHz2) is
around 5000. In ordinary Q-switched systems the ratio be-tween peak power of the pulse and steady-state power is also
of this order of magnitude @15#. Finally, as a numerical ex-
ample, for a resonator of length l515 cm and a beam sec-
tion of 0.1 cm2, the giant pulse power outside the ring cav-
ity can be easily calculated assuming a transmittance T
52lk/c50.5% to be (Pa)outpeak56.7 kW. This is between
two and three orders of magnitude smaller than the peak
power that can be achieved with traditional Q-switched la-
sers @1,2#. However, it is perhaps more instructive to com-
pare the above performance to that obtained in the case of
applying the standard Q-switching technique to our system.
For this purpose we substituted the coherent drive field by an
incoherent continuous pump field characterized by a bidirec-
tional transfer rate R between levels u3& and u2&, and
switched the cavity decay rate k between k51000 MHz
and k55 MHz. The cavity losses were set to the high k
value for time intervals of 225 ms, separated by time inter-
vals of 25 ms with k55 MHz. For pump rates between
R55 MHz and R550 MHz we always obtained peak pow-
ers smaller than in the previous case where coherent control
of lasing was used @for instance, for R525 MHz one ob-
tains (Ia)peak50.49 MW cm22]. This is due to the absence
of coherent coupling between pump and laser fields ~one has
now r1350) and also to the fact that while there was an
increase in the population difference n12 after the coherent
drive field was switched off @see Fig 4~b!#, this increase ob-
viously does not occur when the cavity Q is switched.
In Fig. 6 the role of the time profile of the driving field is
investigated by modeling its switching off through a hyper-
Gaussian profile given by
Ib~ t2t0!5Ib
~0 !e2cn~ t2t0!
n
~4!
with cn53n22 being n510,2,1.5,1.25,1,0.8, the parameter
that accounts for how fast the driving field is switched off,
with n5` corresponding to the square profile. t05225 ms
indicates the switching-off time and Ib
(0)53.7 W cm22 the
initial driving field intensity. As it is clearly seen in Fig. 6,
FIG. 5. Intensity of the generated laser pulses along time evo-
lution as a function of the relative amount of population difference
above the threshold population inversion for different values of the
cavity losses k .
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peak intensity decreases as we switch off slower the driving
field intensity. For n<1.5 the instantaneous population dif-
ference n12(t) crosses several times the instantaneous thresh-
old population inversion n th
H(t) and several pulses develop.
For switching-off times larger than a few tens of ms the laser
pulse almost vanishes.
It is worth remarking that up to now we have considered
a homogeneously broadened system. The coherent control of
lasing we have described is fragile with respect to Doppler
broadening of the two-photon transition, in the most general
case in which the frequencies of drive (vb) and laser fields
(va) are different. In fact, it is well known @16–18# that the
modifications of the optical properties of the lasing transi-
tion, induced by the driving optical field, do not change sig-
nificantly as long as the two-photon resonance condition
Da52Db is fulfilled. Thus, for Da5Db50, we know that
our system shows IWL in the absence of Doppler broaden-
ing. However, since the linear Doppler effect results in ad-
ditional detunings, atoms with velocity vÞ0 will ‘‘see’’ the
frequencies of driving and laser fields (vbÞva) affected by
different Doppler shifts. These atoms will not fulfill the two-
photon resonance condition and therefore will amplify the
laser field, so that there will always be lasing.
As a guide for the practical development of the proposed
method for generating giant pulses of laser light, let us sum-
marize the main requirements: ~a! cascade three-level con-
figuration with population inversion at the lasing transition
@19#; ~b! metastable upper laser level (g12d104,105 Hz with
m12;10231 C cm); ~c! relatively high number densities N
>1012 cm23 ~in the specific example investigated previ-
ously, N;1014 cm23); ~d! Doppler-free configuration; ~e!
good laser cavity (k less than a few MHz!; and ~f! fast driv-
ing field switching off ~a switching time interval smaller than
a few tens of ms). Conditions ~e! and ~f! are in principle easy
to achieve.
FIG. 6. ~a! Different time profiles for the driving field switching
off, and ~b! the corresponding intensity of the generated laser
pulses. Each curve is characterized by a different value of the pa-
rameter n that accounts for how fast the driving field is switched off
@see Eq. ~4! in the text#.IV. PRACTICAL CONSIDERATIONS
Although the study presented in this paper is intended to
give a general insight into the phenomenon of coherent con-
trol of IWL and, eventually, of lasing, we give below some
considerations regarding experimental systems in which the
above ideas could be tested.
In our numerical example above we assumed b/g23
51/2, which means that these driving field intensities can be
easily attained with cw laser powers. Since the upper laser
level is metastable ~as in conventional Q-switched systems!,
the needed incoherent excitation rates are also very moder-
ate, r.g12!g23 .
The impurity ions in media used in crystalline solid-state
lasers ~e.g., ruby or Nd:YAG! have homogeneously broad-
ened electric dipole forbidden transitions between states aris-
ing from the inner unfilled shells @2#. Conditions ~b!, ~c!, and
~d! above are fulfilled and it would be necessary to explore
the energy level diagrams of these media to know whether
there are suitable cascade configurations to fulfill condition
~a!.
A practical candidate to test the proposed method is CO2 .
Population inversion in the regular bands 0001
21000(0200) of CO2 , centered at 10.4 mm (9.4 mm), can
be efficiently achieved by electrical pumping in low pressure
CO2 :N2 :He mixtures. The lower level 1000(0200) of the
lasing transition can be coupled by means of a HCl laser at
14 mm ~by means of an optically pumped CF4 laser at
16 mm) @20# to the 0110 level for the coherent control of the
laser emission at 10.4 mm (9.4 mm). Due to the long
wavelengths involved, the Doppler broadening plays a minor
role and the decay of the various levels is essentially deter-
mined by collisions, leading to lifetimes of the order of
tenths of a millisecond. Thus, this system fulfills conditions
~a!, ~b!, ~c!, and ~d! above.
Rydberg levels of alkali-metal atoms with principal quan-
tum numbers n.20 are long lived since the lifetime scales
approximately as n3. Rubidium is particularly interesting
since many highly excited S and D states can be reached
from the ground S state with four diode lasers. The main
problem with Rb is Doppler broadening. Possible remedies
are to make the driving Rabi frequency comparable to the
Doppler width @16–18# or to add a buffer gas to use the
Dicke narrowing of the two-photon transition for the sup-
pression of its Doppler broadening. Unfortunately, in addi-
tion to the high power needed in both cases, it decreases the
gain itself too, which might be compensated by the increase
of the density of atoms in a cell. An alternative approach
could be to use a dense atomic beam, but it is important to
notice that the required atomic densities are difficult to
achieve in practice. Although technically more difficult, the
best solution is to use a sample of Rb atoms that has been
laser cooled ~thus eliminating Doppler broadening! and then
eventually subjected to magnetic trapping and evaporative
cooling to increase the atomic density.
V. CONCLUSIONS
We have proposed a method to generate giant pulses of
laser light in three-level media based on the inversion with-
out amplification phenomenon. In this technique, an external
coherent field couples one transition while an incoherent
PRA 59 3043GIANT PULSE LASING IN THREE-LEVEL SYSTEMSpumping mechanism acting on the other transition creates a
large population inversion. The presence of the external laser
field prevents laser oscillation in the inverted transition even
in a high-Q cavity on resonance with this transition. The
switching off of the external coherent field results in the
release as a laser pulse of short duration of the energy accu-
mulated in the laser transition. In particular, we have consid-
ered a cascade three-level system deriving explicit necessary
conditions for the appearance of the giant laser pulses. We
have shown that an external coherent field with a power of a
few watts is able to control the generation of laser pulses of
a few megawatts of peak power. Different time profiles for
the switching off of the external coherent field have been
investigated showing that several laser pulses can developwhen the driving field is adiabatically switched off. A com-
parison between the expected performances of the proposed
scheme and those of traditional Q-switched systems has been
performed and some considerations for a practical realization
of the technique have been discussed.
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